in addition, describe occasional patients with enlarged hearts,7 14 cardiac murmurs, 7-14 heart failure 7, 8, 10, 11, 13, 14 ' vmyoearditis "13 or myocardial fibrosis. 7 8,10,11,12,14 Experience with Friedreich's ataxia at the Johns Hopkins Hospital suggested that the frequency of cardiac involvement was greater than previously recorded. It is the purpose of this report to assess the frequeney and features of cardiac involvement in a group of 33 patients. An account of other features of the disorder is also given so as to establish the setting in which heart disease appears.
Patients and Methods
The patients studied include all individuals with Friedreich's ataxia seen at the Johns Hopkins Hospital from 1935 to 1957. An effort was made to identify further patients with Friedreich's ataxia who had been incorrectly classified as cerebellar ataxia, Marie's cerebellar ataxia, and Charcot-AMarie-Tooth peroneal muscular atrophy.
In any case where there was doubt as to the correct diagnosis the patient was again examined. Twenty-nine patients with Friedreich's ataxia were identified. Among the relatives of these patients an additional four persons with ataxia were examined. With two exceptions (patients 27 and 32) the triad referred to in the introduction served as the criteria for diagnosis. In both instances these patients were exceptional because of a late age of onset. The diagnosis in all cases was confirmed either by the authors, or by Dr. Frank R. Ford or Dr. David B. Clark of the Division of Neurology, Department of Medicine. In all cases the patient or his family was contacted in 1958 in order to learn the present state of disease. Where possible a recent electrocardiogram and chest x-ray film were obtained eitii: directly or through the cooperation of a lwcal physician. Seventeen (patients 3, 5, 9, 15-18, 23, 24, 26-33) of the 33 patients were examined by the authors in 1958. Electrocardiograms from 31 patients were reviewed. Chest x-rav films were obtained on 29 patients.
Case Reports
The following case reports hbave been selected to illustrate the features and course of disease Ai.tltops>y slii)xed earl)' eoiusolidlatioii oif the l.eft ll)xxer lung :iid p:issive congestiotn of liver and lun--g. Thli're wxas till exvideeice of boxxel obstiuctioti (1943, 1948, 1950, 1953, 1956, (1930, 1938, 1943) 421 *Patient number of propositus given first. tAll individuals at present less than 10 years older than the age of proposituis at onset are conisidered at risk. Age of onset in the propositus is given in table 1. tfigures in parentheses are birth years. Age of propositus is givein first. or embolizatioil. The heart was generally enlarged and weighed 320 Gm. Coronary vessels exhibited atherosclerotic plaque formation without lumen occlusion. Cardiac septa and valves were intact. AMicroscopic examination of the heart revealed diffuse myocardial scarring, dissolution of some musele fibers and little inflammation. Aschoff bodies were not seen.
In addition to her ataxic brother, age 24, the patient had tw o brothers, ages 17 and 28, and two sisters, age 20 and 30, who have been examined and found entirely well.
Patient 7 (HLH no. A73230), a white female born in 1940, was discovered to have a cardiac rnurmur at a' years of age. She remained well, however, until age 61/2 when an episode of fever, epistaxis, and abdominal pain was interpreted {ls active rheumatic fever. The patient was re-stricted to bed for 4 months and thereafter to limited physical activity for 8 months. During the latter period, awkwardness of the hands and gait was observed and at first thought to be chorea. Following detection of moderate thoracic scoliosis the child, then almost 9, was referred to the Harriet Lane Clinic. Findings at that time were ataxia of all limbs, a lurching wide base gait, loss of all deep tendon reflexes, bilateral Babinski's sign, slight loss of position sense in the right foot, and a hanmmer toe deformity of the right great toe. There was no sign of congestive heart failure. Although her heart was not enlarged it had a globular shape on x-ray filais. A moderately loud svstolic muiiir ur was present. maximal in the pulmlaonic area and radiating over the entire precordium. Blood pressure was 120/70. An electrocardiogram at that timiie slhowed an inverted T wave in lead II, but no abnormalities in the precordial leads. Two years later precordial leads V5 exhibited gross T-wave inversion.
In the last 4 years of life she experienced frequent attacks of nonradiating substernal pain. Aside from intermittent chest pain and a gradually progressive ataxia the patient remiained fairly well until several days before death, when she rather suddenly developed gross fatigue, marked air hunger, and persistent precordial pain. She was admitted to another hospital at which time blood pressure was not obtainable, heart sounds were distant, and pulse was 160 per minute. She did not improve with oxygen and died within a day of admission. Age at death was 13. Her physician presumed that heart failure caused or at least contributed to her death. No autopsy was obtained.
The patient had two younger sisters, now 6 and 13 years old, who are said to be well. There is no family history of ataxia. 10 and 25) were the offspring of a marriage between first cousins. In the isolated or " sporadic " cases the origin as well as the mode of inheritance of ataxia must remain uncertain. It is, for example, possible that cases have been included in this study which have arisen by an acquired nongenetic process, by somatic mutation, or by a dominant mutation in a gamete of one of the parents.
Onset of Disease, Duration, and Sex Distribution
Age of onset, given in table 1, is known for 30 affected individuals of those 24 kindreds in which ataxia has been confined to one sibship. Mean age of onset in these cases was 7.6 years. This figure is considerably lower than the approximate means of 11.8 years'5 (literature cases), 13.515 (English cases), 12, 1 and 10.516 (derived) given by or derived from other studies. Our lower values may represent a tendency for our clinics to see a disproportionately large number of cases beginning in childhood, may be the result of a specific interest in determining the earliest age at which symptoms developed, or may simply reflect chance variation in a small sample.
Eight of the 33 patients are dead. Individual age at death is indicated in table 1. Mean age at death was 29 years (range: 13 to 62) and mean duration of illness in these patients was 21 years (range: 7 to 38). The number of cases is too small for these figures to be very meaningful.
Eighteen of our patients were female. In neither our study nor in those of others has there been any significant sex-determined difference in numbers affected or severity of disease.
Neurologic Disturbances
Prominent noneardiae findings are summarized in table 3. Many of the patients were seen at intervals of several years, and the data in this table as well as in table 1 often represent fairly advanced stages of disease. In general, the lower limbs were the first to be affected, and the upper limbs were either involved later or spared altogether. Thus patient 29 has earned a good reputation as a batter in the "Little League" but cannot run the bases. Patient 32 has moderate difficulty climbing stairs but still works as a skilled machinist. Deep tendon reflexes tend to be lost early while sensory loss is a later development. Sensory impairment is most severe in modalities served through the posterior columns; however, light touch and pain perception may also be lost, particularly in the lower limbs. In patient 32 the finding of diffuse disturbance of sensation below the level of twelfth thoracic vertebra resulted in an exploration for a spinal cord tumor. In almost every case the general disorder is progressive with gradual increase in ataxia, dysarthria, and scoliosis. Prior to the appearance of gross speech abnormalities the voice may assume a nasal quality. Several individuals exhibited cranial nerve involvement, such as deafness (patients 30 and 21) or optic atrophy together with chorioretinitis (patient 26) before the appearance of ataxia. Disturbance in mentation may be extremely difficult to determine. The three patients (18, 26, and 28) listed as mentally deficient gave evidence of it early in the course of their illness. In contrast two patients (11 and 12) were honor students in college. One patient (27) had an unusual continuous flapping tremor of the upper extremities. Serum copper and ceruloplasmin levels were normal. This same patient had wasting of temporal muscles, prominent ocular orbits, and a fixed smile yielding a "death's head appearance." Although onset of disease was apparently late in this individual, he otherwise presented typical features of Friedreich's ataxia, as did his daughter (patient 26).
Miscellaneous Abnormalities
Four patients (3, 4, 14, and 21) had recurrent episodes of vomiting which in two of them (3 and 21) ultimately contributed to their death. Episodic upper abdominal pain occurred in patients 4 and 22. Slight to moderate dysphagia was present in patients 3, 19, and 21. Repeated headaches appeared in four individuals (3, 10, 16 , and 23). Eccentric pupils were noted in two persons (5 and 28) and strabismus in three (19, 20, and 21) . Two Circulation, Volum-e XXV, March 1962 500O FRIEDREICH'S ATAXIA Borderline or equivocal disturbances are not included in tables 4 and 5. For example, soft systolic murmurs were heard in patients 2, 11, 14, 19, 26, and 28 but these were not considered as beyond normal limits. Similarly T-wave flattening in the electrocardiograms of patients 3 and 22 was not regarded as a prominent abnormality. T-wave changes were classified as definitely abnormal only when there was actual inversion in one or more of leads I, II, V5, or V6. The designation of low voltage was restricted to those instances in which the QRS complexes of all standard limb leads were 0.5 millivolt or less as in patients 4, 10, and 12. The only other definite QRS disturbances were the examples of right (patients 1, 3, and 6) and left (patient 4) electrical axis deviation. Ectopic beats which developed in patients 5, 9, and 11 had a frequency of six or more per minute, which was Circulation, Volume XXV, March 1962 considered abnormal. No disturbance of atrioventricular conduction was observed aside from varying second-degree heart block with atrial flutter in patient 5. In all cases of electrocardiographic abnormality the records were submitted without clinical information other than age to two experienced observers. The data in table 5 are derived from the unanimous judgment of these observers and the authors.
Heart size and cardiac catheterization were normal in patient 18. Electrocardiographic abnormalities were present but limited to a diphasic T wave in lead II. She was included in the group with major signs of cardiac abnormalities primarily because of a loud systolic murmur which was maximal in the pulmonary area but radiated over the entire precordium. An early systolic click introduced the murmur and a distinct thrill accompanied it. Moderate thoracic scoliosis in this patient was regarded as insufficient to explain the intensity of murmur and thrill.
Breathlessness is often difficult to evaluate because of the extreme effort that these patients must exert in order to move about, and 501 2BOYER, CHISHOLM. McKIJSICK 
Distinction between Friedreich's Ataxia and Rheumatic or Congenital Heart Disease
At somne time in the course of their disease six patients (3, 4, 7, 8, 21 , and 24) were considered to have active rheumatic fever, three (3, 4, and 8) rheumatic valvular disease, and five (1, 3, 4, 8, and 18) congenital heart disease. Many of these individuals had more than one sign of cardiac abnormality (tables 4 and 5) but in several without signs of heart disease a diagnosis of rheumatic fever was considered in order to account for recurrent leg aches and cramps. In one family three affected siblings (patients 17, 23, anid 24) developed such complaints a vear or more before detection of ataxia.
Relationship of Heart Disease to Other Findings
Evanis and WAright6 observed that 12 patients with prominent electrocardiographic abnormalities generally exhibited greater nervous system involvement than 16 persons with normal cardiograms. In the present study speech abnormalities, nystagmus, complete deep tendon areflexia, and position or vibration sense loss occurred with approximately equal frequency in the two groups (table 6). Babinski's sign, scoliosis, and pes eavus were more common in patients with heart disease than in those without it (table   Total   31 6). Evanis and Wright also emphasized the higher incidence of a family history of Friedreich's ataxia in those showing electroeardiographic abnormalities. In the present group a family history of ataxia was most frequent in patients whose heart appeared to be normal. In both reports the total number of patients studied is not great enough to perniit definite conclusions.
Frequency of Heart Disease
Definite evidence of heart disease existed in 18 or approximately 55 per cent of 33 individuals with Friedreich's ataxia (table 4) . Strict documented criteria were employed to establish this frequenev, and it is regarded as a minimnum estimate. Several factors indicate that this estimate is probably too low. Patients now free of cardiac disturbances may subsequently develop them. Abnormalities of the electrocardiogram have appeared in less than 3 months time ( fig. 1 ). The precordial lead T waves of patients 23 and 24 were a trifle unusual and may represent a transition to the abnormalities seen in their more ataxic elder sister, patient 17 . At the other extreme electrocardiographic abnormalities may undergo partial remission; such occurred in patients 8, 13, and 17. The heart may decrease in size, particularly as ataxia limits activity, as it did in patients 1 (figs. 2A and 2B) and 4. Finally, calculation of the 55 per FRIEDREICH 'S ATAXIA cenit incidence of heart disease was ilnconclusive. The death certificate of patient 19 listed congestive heart failure as a contributory cause of death. Further confirmation is lacking, however, and no significant cardiovascular abnormalities aside from postural hypotension had been detected several years earlier. Patient 20 was described as having numnerous extrasystoles but no electrocardiogram is available. The death of patient 21 has been attributed to severe recurrent arrhythinias; however, details are lacking and no cardiac abnormalities were detected 1 year before death. Flattened T waves in all leads were present in patient 22; however, poorly regulated diabetes mellitus was present at the time. At autopsy of this patient the heart weighed 400 Gm., the left ventriele was 15 mm. thick, and the myocardium and coronary vessels appeared grossly normal. Microseopically there was slight focal myocardial fibrosis, which cannot be considered unusual for a 62-year-old diabetic.
The 55 per cent incidence of eardiac involvement found in the present study is higher than the 30 per cent incidence observed by Evans and Wright.6 This discrepancy is further increased by considering that several electrocardiograms illustrated in figures 10 and 11 of their report6 are not regarded as exhibiting major abnormalities by the criteria of the present study. The reasons for the indicated differences in frequency are unknowin. The current use of precordial leads is not a major factor. Major abnormalities in precordial leads were always accompanied bycorresponding changes in standard leads.
Differences in the method of selecting patienits might account for the observed differences.
It is possible that review of the Johins Hopkins cases created a bias in favor of patients with heart disease. This is regarded as unlikely, since only three (patients 1, 2, and 4) of 33 patients were specifically referred for evaluation of cardiac disease. The total group is conisequently thought to provide a fairly representative sample of persons with Friedreich's ataxia. 
Pathogenesis of Heart Disease in Friedreich's Ataxia
Numerous explanations have been suggested for the assoeiation of cardiac disorders with Friedreich's ataxia. Causes that have been proposed include the inifluence of scoliosis, "neurogenic heart disease," rheumatic fever, congenital cardiac malformations, coronary artery occlusion or narrowing, and filnally the direct result of a single inborn error expressing itself in both the central nervous system and the myocardium.
Scoliosis can produce changes in electrical axis and T waves. Pulmonary ventilation and venitricular fillinig may also be impaired. Severe scoliosis was present in five patients with major cardiac abnormalities. In two such individuals (patients 4 and 6) all signs of heart disease preceded the development of scoliosis. Another, patient 8, exhibited regression of T-wave changes during a time when scoliosis was stable. Chest deformities in other disorders, such as the Marfan syndrome, are not known to produce myocardial inflammation or fibrosis, and it is unlikely that scoliosis does so in Friedreich's ataxia.
Central nervous system irritation may result in ectopic beats and other arrhythmias but it is difficult to understand how such irritation can cause myocardial fibrosis. To our knowledge there is no experimental evidence suggesting that this occurs.
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Occurrence of leg pains, cardiac murmurs, electrocardiographic abnormalities, anid sometimes an enlarged heart are very likely to suggest rheumatic fever, particularly when slight cerebellar dysfunction is misinterpreted as chorea and hypoactive tendon reflexes are overlooked. It would be most unusual, however, to find a group of patients with rheumatic fever in whom demonstrable joint inflammation is always lacking, sediinentation rate and temperature are persistently normal. and valvular changes are inivariably absent at autopsy.
Congenital malformations of the heart have been described in persons with Friedreich's ataxia but so rarely as to have no bearing on the cardiac disturbances of most cases.
Nadas, Alimurung, and Sieracki, 0 as well as others, have implieated coronary artery disease as the cause of cardiac lesions appearing in Friedreich 's ataxia. Partial obstruetion of coronary vessels has been foulnd in two reported cases.10' 13 Possibly comnplete occlusion imay have developed in another individual.14 On the other hand, at least four reports describe patients with definite mnyocardial damage and normal coronary arteries." 8' 13M14 Moreover, in two additional patients postmorteminjection of radiopaque material into coronary vessels did not demonstrate occlusion. 18' 19 Finally, in the present study, the S-T-segment changes and pathologic Q waves, often present in mnyocardial infarction, rarely appeared. Both cardiac and neurologic manifestations of Friedreich's ataxia probably arise froin an error in a genetically determined bioehenmical process important to the functional and structural iintegrity of both the ilervous systein and the heart. Russell'3 was apparently the first to propose this explanation, and it is, by ex-(lusion and by analogy with other genetically determined syndromes, the most reasonable thus far advanced. Friedreich 's ataxia thereby becomes an example of pleiotropy, i.e., a genetically determined disturbance, presumably in a metabolic pathway, having effects on several organs. It is difficult to conceive of a single genetic fault producing such di-verse effects, but probably no more difficult than in other examples of pleiotropy such as the Laurence-Moon-Beidl syndrome. The argument might be strengthened by discovering kindreds in which some members are ataxic while others have an obscure form of heart disease.8' 20 Thus far no such families have been demonstrated. Roth21 has described a family in which a mother and her daughter had Friedreich's ataxia while five closely related relatives were said to have "heart disease."' Evans20 has observed two families in each of which members of two generations have unexplained cardiac enlargement, murmurs, atrial arrhythmias and ectopic beats, conduction defects and T-wave inversion. Fibrosis of the myocardium was conspicuous in the two autopsied cases. Clinically and pathologically this condition resembled the heart disease of Friedreich 's ataxia and prompted the suggestion that the two disorders might be related. Summary Twenty-seven kindreds with Friedreich 's ataxia were seen at the Johns Hopkins Hospital from 1935 to 1957. In three kindreds the disease exhibited an apparently dominant mode of inheritance. Affected individuals in each of the remaining 24 kindreds were confined to single sibships and in 18 of these limited to a single patient.
Thirty-three patients from these kindreds were studied in considerable detail. Followup information was obtained on all individualsand electrocardiograms together with chest x-rays were obtained on most of them. Eighteen or 55 per cent exhibited major cardiae ablnormalities including cardiac enlargement in four and possible enlargement in an additional two, prominent systolic murmurs in six, a diastolic murmur and other signs suggesting mitral stenosis in one, probable pericardial effusion in another, and major electrocardiographic abnormalities in 16. Two developed atrial fibrillation and one atrial flutter. Heart disease contributed to death definitely in four and possibly in two others of eight patients who have died. Autopsy was performed in two patients; diffuse myocar-dial fibrosis was found in one of these. An unusual feature of the cardiac disturbance in five patients was the tendency of remission toward normalcy. This finding, together with the supposition that some patients were seen before developing evidence of heart disease, indicates that the frequency of cardiac abnormality probably exceeds the minimum estimate of 55 per cent.
In eight patients Friedreich's ataxia with cardiac involvement was mistaken for rheumatic or congenital heart disease. The appearance of leg pains early in the disease increased the mimicry of rheumatic fever in a number of patients.
Both cardiac and neurologic manifestations of Friedreich 's ataxia are regarded as having a common genetic origin and serve as another example of pleiotropy.
